The classical estrogen receptors, estrogen receptor- and estrogen receptor- are well established in the regulation of body weight and energy homeostasis in both male and female mice, whereas, the role for G protein-coupled estrogen receptor 1 (GPER) as a modulator of energy homeostasis remains controversial. This study sought to determine whether gene deletion of GPER (GPER KO) alters body weight, body adiposity, food intake, and energy homeostasis in both males and females. Male mice lacking GPER developed moderate obesity and larger adipocyte size beginning at 8 weeks of age, with significant reductions in energy expenditure, but not food intake or adipocyte number. Female GPER KO mice developed increased body weight relative to WT females a full 6 weeks later than the male GPER KO mice.
Introduction
The role of sex hormones in regulating metabolic function has become a topic of interest and is of great importance, largely due to the function of sex hormones in regulating the sexual dimorphisms seen in body weight, food intake, obesity, reproduction, and eating disorders. Estrogens (17β-estradiol) have been demonstrated to play a role in regulating adiposity, reproduction [1] and insulin sensitivity [2, 3] .
Additionally, recent papers have demonstrated a critical role for three putative estrogen receptors in modulating adiposity, insulin sensitivity, and energy homeostasis. Specifically, estrogen receptor alpha (ERα/ERS1), estrogen receptor beta (ERβ/ERS2), as well as G protein-coupled estrogen receptor (GPER) have been demonstrated to regulate energy homeostasis [3] [4] [5] [6] . Importantly, the findings with respect to GPER and its effects on metabolic homeostasis differ between publications. In the late 1990s, four independent laboratories cloned a putative G protein-coupled receptor (GPCR) using different approaches [7] [8] [9] [10] . Expression studies indicate GPER mRNA is expressed in numerous tissues throughout the body (e.g. placenta, lung liver, prostate, ovary, and brain), although there are contradictions in patterns of tissue expression [7, 9, 10] .
Estrogens bind to GPER and the selective estrogen antagonists, ICI 182,780 and tamoxifen, block GPER's estrogenic effects [11] . Despite demonstrations of the estrogenic activity of GPER, controversy about the cellular and organismal function of GPER remains. GPER knockout (GPER KO) mice have been used to explore the in vivo estrogenic activation of GPER to mediate thymus size (mice were 8-10 weeks old [12] ), vascular disease (mice were 10-11 months old [13] ), glucose tolerance (mice were 6 months of age [14] ), pancreatic islet survival (mice were 8 weeks old [15] , and reproductive function (mice were [8] [9] [10] weeks old [16] ). Importantly, the role for GPER in regulating energy homeostasis remains controversial.
Haas et al. [13] reported increased body weight and visceral adiposity in male and female GPER KO mice using the Wang et al. mouse model (mice were 10-11 months of age [12] ); however, these findings
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contrasted those of Liu et al. using the same mutant mouse model from a different laboratory (mice were 7-9 weeks in the Liu et al. experiments [15] ). Other laboratories have reported that neither male nor female mice show significant differences in body weight or visceral adiposity when compared to their WT littermates (mice were 3-4 months of age [16, 17] ). Martensson et al., [14] reported female, but not male mutant mice present with reduced body weight and skeletal growth (mice were 3-4 months of age). In contrast, Isensee et al., reported no significant differences in body weight or fat mass between WT and GPER KO animals when exposed to either a normal or high fat diet (mice were 6 months old [18] ). And lastly, Sharma et al., [6] recently demonstrated male GPER mice have increased body adiposity (mice were 12 months old), insulin resistance (mice were 12-18 months old), increased proinflammatory cytokines (mice were 12-24 months old), and reductions in circulating adiponectin levels (mice were 12-24 months old). These disparate findings with respect to the role of GPER in modulating energy homeostasis suggest that environmental factors, method of gene deletion, age of mice, and the genetic background of GPER KO mouse models may contribute to controversies associated with the role of GPER in body weight homeostasis.
Recently, Sharma et al., demonstrated that male GPER KO mice have increased body weight, adiposity, inflammation, and energy expenditure [6] . Importantly, the temporal development of body weight gain and sexual dimorphisms in the onset of weight gain have not been determined. Here we present data demonstrating a metabolic phenotype of GPER KO mice developed by Wang et al., [12] . Our mouse model was generated using a heterozygous breeding strategy. We compared the phenotype of GPER KO mice directly to WT littermates obtained from these heterozygous intercrosses. Additionally, our GPER KO mice have been backcrossed for more than 10 generations onto the C57BL6 background indicating a 99% inbred background strain. We determined that GPER KO males and females differ from WT males and females with respect to circulating concentrations of leptin, insulin, adiponectin, thermogenic
8/genotype for females from different litters) were placed in a restraint tube and inserted into the NMR to provide estimates of total lean tissue, fat tissue, and water. This time point was chosen because male GPER KO mice had slightly diverged from WT mice and GPER KO female mice had not yet significantly diverged from WT mice with respect to body weight.
Measurements of energy expenditure
Energy expenditure was measured with a Physioscan System (Accuscan Instruments, Columbus, OH) in WT and GPER KO male (n = 8) and female (n = 8) age and body weight-matched (10 week old) mice.
Whole animal heat production was determined as calories per hour. Volume of oxygen consumed (VO 2 )
was determined as milliliters per kilogram body weight per minute (ml*kg -1
. min -1
) and was subsequently adjusted to kilograms of lean mass. Flow rates were set at 0.5 l/min for each mouse. All animals were acclimatized to the chambers for at least 48h to mitigate the stress of the new environment. VO 2 and VCO 2 samples were measured following acclimatization at 10 min intervals for each animal and subsequently binned into 6h, 12h, or 24h periods. Animals had ad libitum access to chow throughout the experiment and no differences in food intake between the GPER KO and WT mice were noted.
Plasma leptin, SAA3, adiponectin and insulin measurements
Food was removed from the home cages of 13 week old male and female GPER KO and WT mice in the middle of the light phase (1200h) (n = 8/genotype for males; n = 8/genotype for females from different litters in proestrus). The age of mice for this study was chosen because it was prior to their divergence in body weight. Mice were sacrificed 2-hrs prior to lights off and trunk blood was collected. Plasma leptin, serum amyloid A-3 (SAA3), and insulin concentrations were measured using the respective mouse ELISA kits (Crystal Chem Inc., Downers Grove, IL) according to the manufacturer's instruction. Serum adiponectin levels were measured using western blot analyses. Serum samples were mixed with 2×
Laemmli sample buffer. Protein samples were loaded on 10% Bis-Tris NuPAGE gels (1.5 mm; Invitrogen)
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for analysis with 1:500 polyclonal anti-adiponectin antibody followed by incubation with IRDye 800-coupled goat anti-rabbit secondary antibody (Rockland Immunochemicals). Each band was detected and quantitated by the Odyssey Infrared Imaging System (LI-COR Biosciences).
Adipocyte Cell Size and Number
Gonadal and brown fat pads of male and female, age-matched (13 week old) GPER KO and WT mice (n = 5/genotype from different litters) were isolated. The gonadal fat pad was chosen because of the reported high correlation between gonadal/visceral fat deposition and the medical complications associated with obesity. To determine adipose tissue morphology and adipocyte size, 5μm sections of gonadal and brown fat tissues were stained with hematoxylin and eosin (H&E). The analysis was carried out within a designated field across all the samples. The gonadal fat pad images were viewed under rhodamine fluorescence and imaged using a Leica DM2000 compound epifluorescence microscope equipped with an Optronics Microfire Color CCD Camera and analyzed for adipocyte area using NIH ImageJ software. Eight hundred to one thousand cells from each sample were included in the analysis.
Adipocyte/SV fractionation
To determine where GPER is expressed within adipose tissues, we isolated adipocytes from the stromal vascular component of adipose tissue (SVF) using the collagenase fractionation method as previously described [20] . Briefly, gonadal adipose tissues were excised and minced into fine pieces. The adipose pieces were then digested in adipocyte isolation buffer (100mM HEPES pH7.4, 120mM NaCl, 50mM KCl, 5mM glucose, 1mM CaCl 2 , 1.5% BSA) containing 1mg/ml collagenase at 37°C with constant slow shaking (~120rpm) for 2 hours. During the digestion period, the suspension was triturated several times through a pipette to dissociate the clumps. To isolate floated adipocytes, the mixture was passed through a 210μm mesh, centrifuged at 500xg for 10 minutes and floated adipocytes were collected from the top of the centrifuged effluent. The remaining suspension was then passed through an 80μm mesh to remove A C C E P T E D M A N U S C R I P T
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undigested clumps and debris. The effluent was centrifuged at 500xg for 10 minutes and the pellet washed once in 5ml PBS. After re-centrifugation, the pellet was collected (SVF).
Basal hypothalamic neuropeptide expression
Following a 12-hr fast, 13 week old WT and GPER KO mice (n = 5/genotype for males; n = 5/genotype for females in proestrus) were sacrificed 30-mins prior to the onset of the dark phase at a time point at which body weight did not significantly differ. The basal medial hypothalamus (an area critical for body weight homeostasis known to express GPER) was dissected and RNA was isolated via the Trizol method 
Effect of leptin on food intake and body weight
On the test day, 13 week old male (n = 8/genotype from different litters) and female (n = 8/genotype from different litters in proestrus) age and weight-matched GPER KO and WT mice had their food removed 2-hrs prior to lights off. The mice received a single intraperitoneal (ip) injection of 5mg/kg leptin (Human Leptin, Amylin) or vehicle (saline) 2-hrs prior to dark onset. The leptin dose was selected based on previous studies demonstrating the efficacy for the 5mg/kg dose in reducing 24h food intake
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Effect of CCK on food intake
Male and female 14 week old GPER KO and WT mice (n = 8/genotype from different litters; females were in proestrus) were food deprived for 24-hrs. Mice received an ip injection of 4 g/kg CCK-8 or vehicle (saline) 4-hrs into the light phase in a counterbalanced design. The selection of dose and the experimental paradigm were based on previously published studies [22, 23] . Food was returned following the ip injection and intake was measured over the subsequent 15, 30, 60 and 120 minutes. All mice received CCK or saline in a counterbalanced design, with subsequent injections occurring after complete recovery of food intake and body weight to baseline levels (generally 3 days).
Effect of 17β-Estradiol replacement following Ovariectomy
Ovariectomy (OVX) or sham surgeries were performed in 10 week old weight-matched WT and GPER KO mice (n = 8/group which consisted of OVX +17β-estradiol or OVX + vehicle). The females were anesthetized, and bilateral dorsal incisions were made through the skin, such that the ovary and oviduct could be rapidly removed. In the sham operation, the ovary and oviduct were visualized but left intact before the incisions were sutured. 17-estradiol or placebo pellets were placed subcutaneously (Innovative Research of America, Sarasota FL; 17-estradiol 0.03 mg/pellet 60 day release (a dose that provides physiologically relevant levels of 17-estradiol into circulation)). Food intake, body weight, and body adiposity were monitored following the surgery. The success of the OVX procedure was confirmed at sacrifice by measuring uterine weights.
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Effect of 17β-estradiol on adipocyte size following ovariectomy 14 week old weight-matched WT and GPER KO mice (n = 8/group which consisted of OVX + 17β-estradiol or OVX + vehicle) were sacrificed as detailed above. Gonadal adipose tissue was isolated, weighed, and fixed with 10% formalin overnight and then stored in 50% ethanol. The fixed fat pads were sent to Richardson Molecular Pathology Core at UT Southwestern Medical Center, where the tissues were embedded with paraffin, sectioned and stained with haematoxylin and eosin (H&E). Images were viewed under rhodamine fluorescence and imaged using the Leica DM2000 compound epifluorescence microscope equipped with an Optronics Microfire Color CCD Camera and analyzed for adipocyte area using NIH ImageJ software. Eight hundred to one thousand cells from each sample were included in the analysis.
Effect of 17β-estradiol on glucose homeostasis following ovariectomy
13 week old weight-matched WT and GPER KO mice (n = 8/group which consisted of OVX +17β-estradiol or OVX + vehicle) were fasted for 3 h (starting at 8 a.m.) prior to administration of glucose (2.5 g/kg body weight) by gavage. At the indicated time points, venous blood samples were collected in heparin-coated capillary tubes from the tail vein. Food was restricted throughout the experiment.
I3vt surgery
In a separate cohort of 10 week old GPER KO and WT OVX (n = 4/ genotype) mice, a stereotaxic i3vt cannula (Plastics One, Roanoke, VA) was placed as described previously [19] . Briefly, the cannula was placed 0.825mm posterior to bregma and on the midline and the cannula tip was 4.8mm below bregma.
Cannula placement was verified after the mice had regained their presurgical weight (3 or 4 days). To confirm cannula placement, mice had their food removed for 4-hrs following lights-on and were
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administered i3vt NPY (5 μg/1 μl). The mice that consumed more than 0.5 g of chow in the subsequent 2 h were considered to have the cannula appropriately placed [19, 24] .
Effect of 17β-estradiol on phosphorylated extracellular signal-related kinase (pERK)
To determine central sensitivity to 17-estradiol, we measured 17-estradiol -induced pERK levels in hypothalamic tissue of 13 week old OVX female GPER KO mice and their WT littermates (n = 4/group).
Mice were given a single i3vt injection of 0.05 μg/1 μl of 17β-estradiol or vehicle 2-hrs prior to lights off in the fed state, and were sacrificed 15 min after the i3vt injection. The basal medial hypothalamus was processed for protein extraction. Proteins were extracted by homogenizing samples in lysis buffer [150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, protease inhibitors (Sigma), and phosphatase inhibitors (Sigma)], and centrifuged at 20,000 g for 15 min. The extracts were then subjected to SDS-PAGE followed by immunoblotting with primary antibodies against pERK1/2
(1:1000, Cell Signaling, Beverly, MA) and β-actin (1:10,000 dilution, Abcam Inc., Cambridge, MA)
followed by an incubation in HRP-linked secondary antibodies (Bio-Rad, Hercules, CA). Data were expressed and analyzed relative to β-actin.
Statistical analysis
All data are presented as mean ± SEM. Experiments were analyzed by mixed ANOVAs with food intake/body weight/drug/plasma hormone levels as between-subject variables and time as a withinsubjects variable. Post-hoc tests of individual groups were made using Tukey's HSD. Significance was set at p < 0.05.
Results

Food intake and body weight
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There were no differences between the GPER KO and WT mice with respect to breeding capabilities, litter size, or pup weights at time of birth. Male and female GPER KO mice were weaned at 3-4 wks of age and their food intake and body weights were determined weekly. Data presented are from a minimum of 20 different litters of mice, and there were no differences between mice within a litter or from different litters. Body weights of GPER KO mice are indistinguishable at weaning; however, as the males approach 8-10wks of age they were significantly heavier than the WT littermates (Fig. 1A) . The female GPER KO mice do not differ in body weight when compared to their WT littermates (Fig. 1B) until 13 weeks when body weights began to diverge, and female GPER KO mice weighed more than WT mice.
The average daily food intake in GPER KO mice (both males and females) did not differ significantly from their WT littermates (Fig. 1C) .
Body adiposity
Male GPER KO mice had increased fat mass at 13 weeks of age relative to WT males ((P<0.05) Fig. 1D,) .
Female GPER KO mice had a trend for increased fat mass compared to WT littermates; however, this trend did not reach statistical significance prior to the divergence of body weight (Fig. 1D) .
Energy expenditure
Male and female 10 week old mice were placed in a metabolic chamber to determine if differences in body weight were due to differences in energy expenditure or ambulatory activity. Energy expenditure was measured as an average VO 2 during the light (12 hours), dark (12 hours) and total 24 hour cycles.
Total VO 2 was significantly reduced in male GPER KO mice ((P<0.05) Fig 1E) . There was a trend in female GPER KO mice for reductions in VO 2, and this reached significance during the dark phase ((P<0.05) Fig.   1F ). There were no differences in homecage locomotor activity between GPER KO and WT mice regardless of sex (data not shown), similar to what was reported by Sharma et al., [6] . These data
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suggest that GPER KO mice have reduced energy expenditure which is not a result of reductions in physical activity.
Plasma Leptin, SAA3, Adiponectin and Insulin Measurements
There were no differences in fasting insulin for males (0.63 +/-0.11 ng/ml WT; 0.63 +/-0.1 ng/ml GPER KO) or females (0.35 +/-0.03 ng/ml WT; 0.38 +/-0.06 ng/ml GPER KO) at 13 weeks of age. Plasma leptin levels also did not differ for males (7.45 +/-2.22 ng/ml WT; 6.93 +/-1.66 ng/ml GPER KO) or females (4.16 +/-1.17 ng/ml WT; 4.72 +/-1.81 ng/ml GPER KO). Consistent with recent reports by Sharma et al., [6] , male and female GPER KO mice have increased circulating SAA3, a marker of inflammation (Fig 2A) , and reduced plasma adiponectin levels relative to WT males and females ( Fig. 2B ) (P<0.05).
Adipocyte Cell Size and Number
To further characterize the increased adiposity in GPER KO, visceral (gonadal) adipose histology was analyzed. Male GPER KO mice had fewer adipocytes (GPER KO (272±44.5) vs. WT (358±38.2)) per μm 2 tissue. The area of gonadal adipocytes was 35% greater in GPER KO male mice when compared to WT mice ( Fig 3A) . For the females, there was a trend for increased adipocyte size; however, this did not reach statistical significance (Fig. 3A) . Representative images are shown in figure 3B .
GPER Expression Within Adipose Tissues
To understand how GPER influences adipocyte size and adiposity, we examined the expression of GPER within different adipose tissue cell populations. We report for the first time that GPER is found predominately in the adipocyte fraction of adipose tissue and there was virtually no expression in the stromal vascular cell fraction (Fig 3C) .
Brown Adipose Tissue
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It is known that brown adipose tissue contributes to energy expenditure; therefore following our observation that GPER KO mice have reductions in energy expenditure, we sought to determine the morphology of the brown adipose tissue. We found both male and female GPER KO mice had significantly more lipid accumulation within brown adipose tissues than WT mice (Fig. 4A) and this is consistent with reductions energy expenditure. To further explore how GPER might influence energy expenditure, we performed qPCR and assayed genes associated with thermogenic activity in brown adipose tissue. We found a significant reduction in uncoupling protein-1 (UCP1) and β-3 adrenergic receptor (β-3AR) gene expression in male GPER KO compared to WT mice (Fig. 4B ), again consistent with reductions in energy expenditure. For GPER KO females (Fig. 4C) we found significant reductions in β-3AR. Together, these findings indicate GPER has a functional role in the thermogenic properties of brown adipose tissue.
Hypothalamic Gene Expression
To determine differences in hypothalamic gene expression for genes known to regulate energy homeostasis [25] , we compared medial basal hypothalamic gene expression in 14 week old male and proestrus female GPER KO mice with WT littermates prior to their divergence in body weight. Female GPER KO mice have decreased hypothalamic ER mRNA and increased ER mRNA (Fig. 5A, B) relative to WT mice. No significant differences in Ob-Rb, AgRP or POMC levels were observed in GPER KO and WT female mice (data not shown). There were no differences in hypothalamic gene expression in the males (Fig 5A, B) . These data suggest that deletion of GPER does not significantly alter basal hypothalamic gene expression in males, but plays some role in the regulation of expression of ERα and ERβ in females, which may influence body weight as they age.
Anorexic Effect of Peripherally Injected Leptin
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Previously, we and others have determined that 17-estradiol enhances the anorexigenic effects of leptin [19, 26] . Therefore, we determined whether GPER plays a role in the anorexic effects of leptin.
Age and weight-matched male and female GPER KO and WT littermates were injected with leptin intraperitoneally. As previously mentioned, there were no baseline differences in serum leptin levels between GPER KO and WT mice of either sex. Leptin-treated male GPER KO mice showed a 22% and 15% reduction in 2 and 24-hr food intake, respectively, which was comparable to WT mice (Fig 5C) .
Leptin significantly reduced food intake in the WT females; however, leptin treated female GPER KO mice failed to show a significant reduction in food intake at 2-hr or 24-hr compared to vehicle-injected female WT mice (Fig 5D) . These data suggest loss of GPER impacts leptin mediated reductions in food intake in females but not males.
Anorexic Effect of IP CCK in GPER KO vs. WT mice
Estrogens have been demonstrated to influence meal size and short-term food intake by increasing sensitivity to the satiation signal cholecystokinin (CCK) [27, 28] . Due to the rapid effects on feeding induced by CCK, we hypothesized activation of GPER may mediate CCK-induced satiation. Additionally, prandial secretion of CCK is sexually dimorphic, with females having greater secretion than males [29] .
We therefore determined whether male and female GPER KO mice would have impairments in sensitivity to CCK-induced satiety. To do so, we compared food intake at 15, 30, 60, 90, and 120-mins following ip CCK injections in male and female GPER KO and WT mice (data are shown for the 30 min time point). Male WT and GPER KO mice had a significant reduction (P<0.05) in food intake at 15, 30, 60, 90, and 120-mins (30 min time point is shown (Fig 5E) ) following CCK. WT females responded to CCK, while female GPER KO mice failed to show significant reductions in food intake at any of the time points (30 min time depicted (Fig. 5F) ). These data suggest loss of GPER impacts CCK-induced reductions in food intake in females but not males.
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17β-Estradiol-Induced Reductions in Body Weight Following OVX
To determine a potential role for GPER in mediating 17-estradiol regulation of body weight, we compared food intake and body weights in OVX +/-17β-estradiol-replaced WT and GPER KO OVX mice.
We found 17β-estradiol significantly reduced body weights of OVX WT mice ( Fig 6A) ; however, there was an attenuated reduction in body weight in OVX GPER KO mice treated with 17β-estradiol ((p<0.05) Fig 6B) . Further, the decrease in body weight in WT mice was due to a decrease in body fat (Fig 6C) , which was attenuated in 17β-estradiol treated GPER KO mice, further suggesting that GPER participates in estrogen-induced weight regulation in females.
17β-Estradiol-Induced Improvements in Glucose Homeostasis Following OVX
To determine a potential role for GPER in mediating 17-estradiol regulation of glucose homeostasis following OVX, we compared glucose homeostasis in OVX +/-17β-estradiol-replaced WT and GPER KO OVX mice. We found 17β-estradiol significantly improved glucose homeostasis in OVX WT mice ( Fig 6D) ;
however, there were no improvements in glucose homeostasis in OVX GPER KO mice treated with 17β-estradiol (Fig 6E) , suggesting that GPER participates in estrogen-induced improvements in glucose homeostasis in females.
17β-Estradiol-Induced Reductions in Adipocyte Size Following OVX
To assess GPER's role in mediating 17-estradiol reductions in adipocyte size following OVX, we compared adipocyte size/morphology in OVX +/-17β-estradiol-replaced WT and GPER KO OVX mice.
We found 17β-estradiol significantly reduced adipocyte size in OVX WT mice; however, there was an attenuated reduction in adipocyte size in OVX GPER KO mice treated with 17β-estradiol ((p<0.05) Fig 6F, G), suggesting that GPER participates in 17β-estradiol-induced alterations in adipose tissue function/morphology in females.
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17β-Estradiol-Induced pERK Following OVX
Previous studies have demonstrated that estrogenic activation of the MAP kinase Erk 1/2 pathway is mediated by ERα [30] . Moreover, there are data indicating estrogenic activation of GPER induces pERK [31] . 17-estradiol induced pERK in the medial basal hypothalamus of OVX WT but not OVX GPER KO mice (Fig 7) . These data suggest GPER KO mice are less sensitive to 17-estradiol-induced pERK in the CNS and these data are consistent with the attenuated response to 17-estradiol-induced improvements in body weight, glucose homeostasis, and reductions in fat cell size following OVX in the GPER KO mice.
Discussion
The main findings of this study are that there is a strong sexual dimorphism in the temporal onset of body weight gain in GPER KO mice. We also found that: 1) male GPER KO mice develop moderate obesity as they age and this is associated with reductions in energy expenditure, increased fat cell size, and increased lipid in brown adipose tissue; 2) female GPER KO do not differ with respect to adiposity when compared to WT mice initially; however, as the mice age there is a divergence in body weight, with GPER KO females having increased body weight relative to WT females; 3) prior to the divergence of body weight, female GPER KO mice are less sensitive to modulators of food intake such as CCK and leptin; 4) ovariectomy induces weight gain in WT but not GPER KO mice and 17β-estradiol replacement was less affective in modulating body weight and glucose homeostasis in the GPER KO relative to WT mice. Lastly, central administrations of 17β-estradiol activate pERK in WT but not OVX GPER KO mice. These data indicate that GPER KO females are less sensitive to the effects of estrogens on food intake and energy homeostasis.
Body adiposity/body weight measurements
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We found male GPER KO mice are significantly heavier than WT littermates as they attained puberty. With respect to the male phenotype, our results replicate those reported by Haas et al., [13] and demonstrate 10-11 week old GPER KO males have increased body weight and fat mass when compared to WT littermates. Additionally, our results are consistent with recent findings from Sharma et al., [6] ; however, we extend these findings and demonstrate GPER KO females also diverge in body weight as they age.
Decreased metabolic rate
Deficits in energy expenditure or ambulatory activity can cause increased body weight and are influenced by estrogens [32] [33] [34] . We found male GPER KO mice have increased body weight due to reductions in energy expenditure. Interestingly, female GPER KO mice, prior to the divergence in body weight, had reductions in energy expenditure that achieved significance only during the dark phase. It is possible that as GPER KO females age, reductions in energy expenditure facilitate body weight gain.
Plasma leptin, SAA3, insulin and adiponectin
Sharma et al., [6] found that weight gain in male GPER KO mice was associated with increased fasting plasma concentrations of cholesterol, triglycerides, and insulin, as well as reductions in adiponectin. Here we confirm their findings and demonstrate both GPER KO males and females have significantly lower adiponectin levels when compared to weight-matched WT mice. Additionally, Sharma et al., [6] determined male GPER KO mice had increased immunomodulatory cytokines; our data
extend their findings and demonstrate higher circulating levels of SAA3, a marker of inflammation, in both GPER KO males and females when compared to WT mice.
Adipocyte size, number
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Recently, GPER was reported to be expressed in adipose tissue of both male and female WT mice [13] , and in human adipose tissue [35] . Here we demonstrate GPER is expressed predominately in the adipocyte, and not in the stromal vascular fraction, within adipose tissues. Additionally, we found that increased body weights in male GPER KO mice were accompanied by a significant increase in adiposity and number of large adipocytes. We also confirmed our previous findings that both lean and fat mass is increased in GPER KO males [36] , which is consistent with the recently published findings by Sharma et al., [6] . GPER KO females showed a trend towards increased fat mass prior to the divergence of body weight. In the future, it will be important to determine adipose tissue mass and histology once body weights have diverged in the GPER KO females. We have recently characterized ERα in the adipocyte fraction of adipose tissue [33] and uncovered a potential cross talk between estrogen receptors in regulating adipose tissue function. It is possible the absence of GPER in adipose tissue may result in changes in the levels of the other estrogen receptors. To address this, we have bred the GPER KO to ERαKO and ERβKO mice; data will be forthcoming.
Hypothalamic gene expression
NPY/AgRP and POMC neurons are major hypothalamic targets for the anorectic actions of estrogens [36] [37] [38] . We did not observe differences in gene expression for AgRP or POMC in GPER KO mice. Interestingly, we saw reduced expression of ERα and increased ERβ expression in the GPER KO females when compared to the WT mice. These data suggest crosstalk between GPER and the expression of ERα and ER. Shi et al., [38] have suggested an important interaction between estrogen receptors in modulating energy homeostasis; our data support this hypothesis. Specifically, it is possible that reductions in hypothalamic ERα facilitates weight gain in the GPER KO females, an idea consistent with our previous publication [39] demonstrating that reductions in hypothalamic ERα are associated with changes in energy expenditure and weight gain.
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Anorexic effect of ip leptin in GPER KO vs. WT mice
17-estradiol enhances the anorexigenic effects of leptin [19, 26] ; therefore, we compared the sensitivity to leptin in GPER KO vs. WT mice. In males, both WT and GPER KO had an anorectic response to leptin at 2-hrs and 24-hrs. In females, however, GPER KO mice were less responsive than WT mice at 2-hrs and 24-hrs following leptin injections. Plasma insulin and leptin levels (along with estrogen and testosterone, data not shown) did not differ between GPER KO and WT littermates in males or females.
Additionally there were no significant differences in hypothalamic leptin receptor expression between GPER KO and WT mice (data not shown). These data suggest that GPER mediates leptin-induced satiety in females, but not in males. The potential crosstalk between estrogens and GPER, and their influence on leptin sensitivity, remains unknown; however, it is possible reductions in hypothalamic ERα in GPER KO females may be associated with the attenuation in sensitivity to leptin we observed in the GPER KO females.
Anorexic effect of ip CCK in GPER KO vs. WT mice
Apart from leptin, there are many other hormonal signals that control feeding behavior. CCK is released from the small intestine, particularly in response to lipid rich emulsions, and leads to rapid satiation in humans and mice. Additionally, prandial secretion of CCK is sexually dimorphic and is greater in females than males [29] . Our findings suggest female GPER KO mice are less sensitive to anorexia induced by peripheral CCK administration than WT mice; however there are no differences in CCK sensitivity between the male GPER KO and the WT mice. Additionally, we found changes in food intake across the female WT estrus cycle, which were not observed in the GPER KO mice (data not shown).
These data suggest the rapid estrogenic enhancement of CCK-induced satiety may be mediated through GPER.
17β-estradiol effect on body weight following OVX
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Following OVX there is a significant increase in food intake and body weight, which is attenuated by 17β-estradiol [33, 39, 40] . Previously, Otto et al. demonstrated 17β-estradiol responses in OVX GPER KO do not differ from WT mice with respect to 17β-estradiol's impact on the uterus, thymus and the mammary gland [16] . Furthermore, Windahl et al. found no impairments in the GPER's response to 17β-estradiol [17] . Importantly, none of these studies focused on the estrogenic effect on body weight following OVX in GPER KO mice. Here we present data suggesting an attenuated body weight and adiposity response to 17-estradiol in OVX GPER KO mice when compared to WT mice. These findings support the idea that estrogens interact with GPER and are important in body weight regulation.
Further, we demonstrate that the estrogenic effects of improved glucose homeostasis and decreased adipocyte size are also, in part, regulated by GPER. An alternative explanation is that reductions in hypothalamic ERα seen in the GPER KO mice may reduce 17-estradiol's ability to modulate glucose homeostasis and body weight.
17-estradiol effect on pERK levels following OVX
Studies in cell lines demonstrate estrogens promote rapid activation of Erk 1/2 [41] [42] [43] .
Moreover, studies in breast cancer cells transfected with GPER show estrogens can activate Erk 1/2 in the absence of ER and ER [44, 45] . Several studies have implicated hypothalamic Erk 1/2 in the regulation of energy homeostasis [46, 47] and activation of the Erk 1/2 signaling pathway in the CNS mediates the anorectic effects of leptin [48] and CCK [23] . Canonaco et al., reported overlapping distribution of Erk 1/2 with GPER in most brain areas [49] of the hamster. Here, we demonstrate for the first time that female OVX GPER KO mice have reduced 17β-estradiol-induced pErk 1/2 when compared to WT mice. These findings may also provide a further explanation for the reduced sensitivity to CCK and leptin in the GPER KO mice.
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In summary, we report a potential role for GPER in regulating body weight, body adiposity, and energy expenditure. The importance of estrogenic activity in regulating body weight in males has previously been demonstrated in the ERαKO mice [31] , the aromatase knockout mice (ArKO) [50] , as well as our recent findings with tissue specific knockdown of ERα [32, 39] . Here, we extend these findings and demonstrate that GPER may be critical in males through its influence on brown and white adipose tissues. This is consistent with a recent publication by Finkelstein et al. [51] , and demonstrates an important role for estrogens in adipose tissue in men, which may also be GPER mediated. Changes in the ratio of ERα to ERβ may influence sensitivity to modulators of food intake such as CCK and leptin and therefore influence weight gain. Additionally, the attenuated pERK response in the GPER KO females following 17 -estradiol may also contribute to reductions in sensitivity to pERK dependent modulators of food. In conclusion, our findings indicate a sexual dimorphism with respect to the role of GPER in mediating body weight regulation, energy expenditure, and adiposity; however, the timing and tissues which GPER directly influences have yet to be determined. M A N U S C R I P T
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Figure Legends but not OVX GPER KO females (Fig. 7) . All data are expressed as mean ± SEM and n=5 per group. *P<0.05 compared with vehicle treatment.
